In general, biochemical sensors based on photonic cavities are used to detect changes in the refractive index of the environment. In this study, however, a GaInAsP semiconductor photonic-crystal nanolaser sensor that we recently developed was found to detect not only the environmental refractive index but also the surface charge. In contrast to the pH sensitivity we reported previously, this is an ultra-sensitive detection mechanism capable of identifying proteins and deoxyribonucleic acids (DNA) at a femtomolar-order or lower concentrations. When the device is exposed to plasma or DNA solutions, the laser wavelength simultaneously changes with the zeta potential and the flat-band potential of the semiconductor surface. This indicates that the charged functional groups on the surface, which are formed by these treatments, modify the Schottky barrier near the semiconductor surface, trap the excited carriers in the barrier, and change the refractive index of the semiconductor via the carrier effects. These findings also suggest that some other photonic sensors may also exhibit similar electrochemical and optoelectronic effects.
Introduction
Biosensors detect biomolecules such as proteins and deoxyribonucleic acids (DNAs) in a solution through a change in some physical quantity of the sensor. In this decade, various photonic biosensors based on optical resonance, which do not require labels such as fluorescent molecules or colorimetric substances, have been studied and developed [1] [2] [3] [4] [5] . These sensors detect the target through a shift in the resonance wavelength or resonance angle of light when the target molecules are adsorbed on the sensor. Usually, this shift is considered to arise from an increase in the environmental refractive index near the sensor's surface, leading to a change in the equivalent index of the optical mode [6] . Thus, photonic sensors have been recognized as environmental-index sensors. This classical assumption may be valid when the concentration of the target molecules in the solution is of the order of micromolar (μM) or higher, for which significant adsorption is expected. However, when the concentration is of the order of picomolar (pM) or lower, the shift in the resonance wavelength or resonance angle must be explained differently because the index change produced by the adsorption would be too small. To the best of our knowledge, however, no studies have been conducted to directly measure the number of molecules adsorbed on the surface by other means, to estimate the environmental and modal index changes, and to confirm the resonance shift that arises from these index changes. We have previously developed GaInAsP photonic-crystal (PC) nanolaser sensors that can be used to detect certain proteins at ultra-low concentrations, i.e., in the range of subattomolar (sub-aM) to pM, based on a wavelength shift Δλ [7] [8] [9] . However, the order of magnitude of the observed Δλ was much larger than that expected for such low concentrations [10] . The relation between Δλ and the concentration of biomolecules has been reported for several photonic sensors, including our nanolasers [2-5, 11-27], as summarized in Fig. 1 . If the sensor responds to a change in the environmental index, the corresponding Δλ would also occur with the concentration (or the number of target molecules adsorbed). Silica cavities and Si micro-rings exhibit such a trend (represented by the green-shaded band). On the other hand, PC nanolasers and PC passive cavities exhibit Δλ of approximately the same order of magnitude even at concentrations lower than the order of pM (red-shaded band). However, this observation has not been addressed in these previous reports. In our previous experiment for the detection of prostate specific antigen (PSA), we doubted the dilution process used for the sample solutions and double-checked the concentration using an enzyme-linked immunosorbent assay (ELISA). However, we did not find any significant problems at sub-pM and higher concentrations, which is the dynamic range of the ELISA [9].
Meanwhile, ion-sensitive field-effect transistors (IS-FETs) are well-known electronic biosensors that detect the electric charge of biomolecules and have a limit of detection between aM and femtomolar (fM) orders [28] [29] [30] . The photoluminescence (PL) from photonic semiconductors, such as III-V compounds, is known to be influenced by the pH of the solution in which the semiconductors are immersed [31, 32] . This phenomenon is generally attributed to nonradiative surface recombination, which is affected by the pHdependent surface charge of the semiconductors. We have also observed that the PL intensity of GaInAsP/InP semiconductor wafers and the laser-emission intensity of GaInAsP nanolasers are influenced by the pH and adsorption of some charged polyelectrolytes [33, 34] . We applied these phenomena to sensing high concentrations of negatively charged DNA and to imaging living cells with locally modified pH through the change in the emission intensity while disregarding Δλ due to the change in the environmental index. Conversely, in this study, we demonstrate the possibility that the wavelength of a nanolaser is also very sensitive to the surface charge of the adsorbed biomolecules, even at ultra-low biomolecule concentrations.
In Section 2, we describe some interesting behaviors of the nanolaser wavelength in the presence of ultra-low concentrations of biomolecules that cannot be explained by the change in environmental index. In Section 3, we focus on the condition in which the effect of the change in surface charge is dominant over that of the change in the environmental index. We compare the observed temporal Δλ with the surface charge and the internal Schottky barrier of the semiconductor via measurement of the zeta potential and flat band potential, respectively, and confirm that the wavelength behavior correlates well with the change in these electrical properties. In Section 4, we discuss a mechanism that carrier effects such as optoelectronic effects, which are induced by these electrical properties, modify the modal equivalent index and shift the wavelength of the nanolaser.
Nanolaser and biomolecule sensing
The detailed fabrication process for the PC nanolaser, as shown in Fig. 2(a) , is described in [35] . The PC slab comprises a weak n-type GaInAsP air-bridge membrane that is approximately 185 nm thick with a triangular lattice of holes with a diameter of 250 nm and a pitch of 500 nm. The membrane comprises a single-quantum-well (SQW) of 4-5 nm thick and optical confinement layers (OCLs) with bandgap wavelengths of 1.20, 1.15, and 1.10 μm (band gap energy E g of 1.03, 1.08, and 1.13 eV, respectively). The PL peak wavelength is 1.55 μm. The H0-type laser cavity is formed by slightly shifting two or four adjacent airholes to the outside (we set s x = 120 nm and s y = 60 nm in this study). A nanoslot with a width of 40-60 nm is also formed at the center of the cavity to suppress the thermal effects, reduce the spectral width, and enhance the sensitivity. Moreover, a double-periodic modulation of the hole diameters around the cavity is applied, which induces asymmetry in the cavity structure, breaks unwanted destructive interference of the modal electric field, and forms a vertical output beam detectable by a 50 × objective lens [36] . The entire exposed surface of the device is coated with an approximately 3-nm thick ZrO 2 layer by atomic layer deposition (ALD) (Ultratech/Cambridge Nanotech, Savannah) for chemical stabilization in a solution, in which the nanolaser is immersed for sensing. A fabricated nanolaser chip is placed between the glass slides filled with the solution and photopumped by a pulsed laser light at a wavelength of 0.98 μm through the objective lens. The laser emission is coupled with an optical fiber through the same lens, and its wavelength is measured using an optical spectrum analyzer with a wavelength resolution of 0.2 nm. In the biosensing experiments, we usually perform appropriate functionalization on a device chip of typically 1 mm 2 size, adsorb biomolecules in a solution in a microtube for 1 h, rinse by pure water (deionized water whose electrical resistance is 18.3 MΩ) in another microtube, remove and set between two panes of glass, inject pure water, as shown in Fig. 2(b) , and measure the wavelength of 10-20 nanolasers on the chip using an automatic system. The nanolaser with the biomolecules adsorbed usually exhibits a red shift in wavelength, as shown in Fig. 2(c) . Then, we remove it from within the two glass panes and place it into another microtube including the biomolecule solution of different concentration. We repeated this procedure to obtain the Δλ for various concentrations. The wavelength fluctuation was measured to be less than ± 0.1 nm during such a procedure when all the solutions are just pure water. From Fig. 1 , we discussed an unexpectedly large Δλ in the PC nanolasers and PC cavities in the presence of ultra-low concentrations of proteins. Here we present additional details regarding the unique behaviors in detecting antibody-antigen interactions of proteins using the nanolaser. The functionalization procedure we employed was as follows. Immediately following the ALD of ZrO 2 , a 3-aminopropyltriethoxysilane (APTES) monolayer was selfassembled on the nanolaser surface in the same vacuum chamber as the silane-coupling treatment, which chemically binds inorganic ZrO 2 and the following organic material, i.e., glutaraldehyde in this experiment. After a liquid-phase treatment application of glutaraldehyde as the linker, an antibody was immobilized on the surface in pure water in a microtube at 37°C for 1 h. Then, the corresponding antigen protein was adsorbed in pure water in another microtube at 37°C for 1 h through the antibody-antigen interaction. After each process, the device chip was rinsed with pure water. Subsequently, the laser wavelength was measured in water, as mentioned above. This procedure was repeated for a range of concentrations from low to high. In these experiments, immunoglobulin G (IgG) and PSA were tested as targets. Figure 3 (a) depicts the results obtained for IgG sensing. When the antiIgG antibody (Sigma-Aldrich, M8642, 150 kDa) was immobilized at a concentration of 6.7 nanomolars (nM), Δλ was as small as 0.1 nm. However, this small shift can be reasonably attributed to the change in the environmental index due to the presence of the antibody. When the IgG antigen (Sigma-Aldrich, I5681, 150 kDa) was applied at a concentration of 10 fM, a shift of 0.4 nm was observed. Despite the molecular weights of the antibody and antigen being similar, meaning they provide similar impacts to the environmental index, and the antigen being at a 10 5 -fold lower concentration, the adsorption of the antigen exhibited a 4-fold larger shift. A similar behavior was observed in the detection of PSA, as shown in Fig.  3(b) . The shift due to 30 aM PSA (Sigma-Aldrich, P338, 33 kDa) was 3-fold larger than that due to the immobilization of 6.7 nM anti-PSA antibody (JQ7, JCL, 150 kDa). Thus, the shifts observed here do not appear to originate from changes in the environmental index. We also detected 12-mer DNA (Hokkaido System Science Co., Ltd., 5′-TGC ACA GAC TAG-3′, 3.6 kDa). We employed the single strand DNA rather than the double strand DNA although the latter might be more interesting in terms of biosensing, because the single strand one has a smaller molecular weight, meaning a smaller index effect. In this experiment, we particularly aimed at a much smaller index effect and much stronger negative-charge effect than those of proteins. To simplify the sensing, the DNA was physisorbed on the device in pure water with no functionalization after the deposition of ZrO 2 . As depicted in Fig. 3(c) , a shift of 0.8 nm was observed in the presence of 10-fM single-stranded DNA, even though the molecular weight of the DNA is 1-2 orders smaller that of the IgG and PSA. Similar DNA has been previously detected using a silica cavity, but the behaviors reported were completely different from those observed in this experiment; in the previous study, the concentration was as high as 1 μM and the measured Δλ was as small as 0.03 nm [11] . This comparison further indicates that Δλ of the nanolaser is not due to a change in the environmental index.
Response to changes in the surface charge
For the unique shifts shown in Section 2 and also for those observed previously in nanolasers (and probably in PC nanocavities), as shown in Fig. 1 , we consider the charge effect, similar to that in IS-FETs, as a possible cause. In the antibody-antigen interactions, the antibody and antigen having similar steric structures and opposite electrical charges bind, and the charges are locally cancelled out [37] , which may strongly influence the surface charge of the nanolaser. In the adsorption of DNA, the charge effect is stronger than that for proteins because DNA is negatively charged in pure water due to the ionization of the phosphoric acid groups. To verify this hypothesis, we directly examined the charge effect on the nanolaser.
To induce an electrostatic charge in the nanolaser chip, we expose the nanolaser chip to air plasma (SAKIGAKE-Semiconductor, YHS-R), as shown in Fig. 4(a) . The duration of the exposure was 1 min because no additional effect was observed for longer treatment times.
The chip was immersed into pure water immediately after plasma exposure and the laser wavelength was measured. As shown in Fig. 4(b) , the wavelength was found to be drastically blue-shifted immediately after the exposure (time t = 0 in the figure) and then gradually redshifted, approaching a wavelength approximately 0.3 nm shorter than that before the exposure at t > 30 min. This shorter wavelength is thought to be due to the surface oxidation through plasma exposure. The large blue shift and gradual red shift cannot be attributed to the change in the environmental index because no materials can be adsorbed on the nanolaser surface while submerged in pure water.
Since this behavior strongly suggests that the wavelength shift is related to the variation of the surface charge, we next investigated two electrical parameters, i.e., the zeta potential [37] and the flat band potential [38] . It is well-known that the surface charge attracts counter ions in the solution and the Helmholtz layer is formed, at which the counter ions are strongly fixed face-to-face with the surface charge. The electric potential of this plane against the bulk solution region is defined as the Helmholtz potential V H . The counter ions located slightly further from the surface are also bound weakly. The interface of such ions is called the slipping plane and its potential is known as the zeta potential V Zeta . In biochemical experiments, V Zeta is usually measured as a measure for V H and the surface charge. In this experiment, we measured V Zeta for the original epiwafer of the nanolaser as a function of t, as shown in Fig. 4(c) , using a zeta potential analyzer (Otsuka Electronics Co. Ltd., ELSZ-2000Z), which evaluates the electroosmotic flow near the wafer surface based on the laser Doppler shift. Figure 4 (c) depicts the change in the surface charge from positive to negative or vice versa during the period after the plasma exposure. The polarity characteristics evaluated based on the electroosmotic flow might be influenced by the complicated electrostatic conditions in the analyzer chamber. However, if we focus only on the variation in V Zeta , it converged at t > 30 min. This observation indicates that a certain functional group such as OH 2+ was modified on the nanolaser surface by the plasma exposure and slowly neutralized by reactions with OH -ions in pure water. Such a change in the surface charge usually modifies the electronic potential of a semiconductor. Under these conditions, the electrons, which are the majority carriers in the ntype semiconductor used here, leak into the solution through the thin ZrO 2 film so that the Fermi level E F of the semiconductor, which is almost equal to the conduction band, and the redox potential E Red in the solution are balanced, causing a Schottky barrier to form near the surface [38] . The barrier height ΔU is approximated as E Red -U fb where U fb is the flat-band potential (the surface energy level of the conduction band). Since we did not use any pH solution in the experiments of this study, E Red was kept constant, and ΔU is determined only by U fb . Therefore, we measured U fb with time t by measuring the capacitance of the space charge layer of the original epiwafer (Mott-Schottky plot analysis), as shown in Fig. 4(c) . Initially, U fb shifted to a negative value immediately after the plasma exposure, indicating an increase in ΔU, but it slowly returned to its initial potential and equilibrated at t > 30 min. Thus, the surface charge and barrier height behave in a manner similar to Δλ.
To confirm the relationship between the nanolaser's wavelength and the charge effect in the presence of low concentrations of biomolecules, V Zeta and U fb were also measured following the physical adsorption of the DNA, as shown in Fig. 5 . Both V Zeta and U fb began to change at a concentration around 1 fM, which corresponds well with the Δλ shown in Fig.  3(c) . To explain these behaviors, we consider the possibility that a limited number of charged DNA molecules change the functional groups on the entire surface of the device. The surface charge represented by V Zeta shifted to more negative values with increasing DNA concentrations, which is a reasonable result considering the negative charge of DNA. In contrast, it might be reasonable to consider that the negative surface charge modifies the flat band potential to the negative direction, but as shown in 
Mechanism of wavelength shift
In this section, we discuss the mechanism by which ΔU influences the index change Δn sem in the semiconductor, leading to a modal equivalent index change Δn eq and a wavelength shift Δλ. Figure 6 summarizes the electrochemical and optoelectronic phenomena that occur inside and outside of the semiconductor. The effect of ΔU can occur on the front and rear surfaces of the PC slab where a U-shaped potential is formed in the OCLs sandwiching the SQW. The ΔU can also occur on the sidewalls of the holes, where a complicated potential distribution is formed from multiple holes. In the following, we mainly discuss the effect of the U-shaped vertical potential. Regarding the lateral ΔU, we finally discuss our expectation that its effect on Δλ is small. The wavelength shift Δλ is related to Δn eq as Δλ/λ = Δn eq /n eq . If we assume λ = 1,550 nm and n eq = 2.6 as typical and temporary values, Δn eq required for Δλ > 1 nm (seen in Figs. 3  and 4) is calculated as 1.7 × 10 −3 . In the U-shaped vertical potential, we can consider an optoelectronic phenomenon that modifies n sem in the SQW and in the OCLs. If we neglect the existence of hole arrays in the PC slab, the optical confinement factor in the SQW, Γ SQW , is calculated using the transfer matrix method as 2.1% when we approximate n sem = 3.4 and n env = 1.35 for pure water [35] . With the holes filled with pure water, this value should be smaller because of the mode penetration into the holes. To create the above Δn eq with such a small Γ SQW , a large Δn sem of approximately 0.1 is necessary in the SQW, but such a large Δn sem is unlikely to arise from any optoelectronic effects. Therefore, we focus on a phenomenon in the OCLs. We calculated the laser mode for the nanolaser structure described in Section 2 using a three-dimensional finite-difference time-domain method. In this calculation, we neglected the existence of the SQW because the OCLs occupy more than 97% of the semiconductor slab. We calculated the index sensitivity of the laser wavelength, Δλ/Δn sem , as 370 nm/RIU (RIU denotes the refractive index unit). For Δλ > 1 nm, Δn sem > 2.7 × 10 −3 is required on an average in the OCLs, which is likely to occur.
As a possible optoelectronic effect, we first considered the Franz-Keldysh effect [39] in the OCLs because the electric field in the U-shaped potential is mainly applied to these layers. Assuming a maximum ΔU of 0.8 V in Fig. 4(d) and a half thickness of the OCLs, i.e., 90 nm, the electric field induced is estimated to be as large as ~100 kV/cm. However, the bandgap wavelengths of the OCLs range from 1.1 to 1.2 μm, which are apart from the laser wavelength. Consequently, Δn sem induced by this effect is as small as 10 −5 . This effect cannot explain the experimental results. Fig. 7 . Temporal behaviors of the main spectral peak of the cavity mode and the sub peak of the PL from OCLs of the PC nanolaser which did not exhibit laser operation due to structural disordering. The device was exposed to the plasma and then operated in pure water. (a) Two spectra measured at 5 and 60 min after the plasma exposure are presented. The sharp sub peak is partly caused by a long-pass filter with a cutoff of 1.15 μm, which was used to filter out the pump light. (b) Variation of the main and sub peak intensities normalized to those at time zero. (c) Variation of the sub peak intensity. Gray and black plots show those for eight different devices and their averages, respectively.
Next, we considered the carrier effects that electrons and holes produced by the photopumping that are trapped in the OCLs and n sem is modified. The maximum difference of E g in the OCLs is 0.1 eV. Since the valence band offset of the GaInAsP system is known to be 60% of E g [40] , the maximum difference is only 0.06 eV for the holes, which is much smaller than the ΔU estimated above. This indicates that the holes produced in the OCLs by photopumping are easily pulled toward the front and rear surfaces of the slab by the U-shaped potential, and some electrons and holes are not relaxed into the SQW but instead are trapped in the OCLs. If such carriers exist over the OCLs with a reasonably high concentration, the carrier-plasma, band-filling, and band-shrinkage effects can produce a Δn sem of 10 −3 order. In this case, a large (or small) ΔU will produce a large (small) negative Δn sem and a blue (red) shift in the wavelength, which is consistent with the experimental results. The existence of such carrier trapping can be verified from the PL spectrum shown in Fig. 7(a) . The nanolaser used in this measurement did not show the lasing but only showed the PL of the resonant mode due to its structural disordering. Here, we can observe a clear sub-peak at around 1.24 μm in addition to the main resonance peak around 1.6 μm. The sub-peak is considered to represent the PL from the OCLs (the sub-peak might extend further to shorter wavelengths since a long-pass filter with a cutoff at 1.15 μm was used to filter out the pump light). The high intensity of the sub-peak suggests that some fraction of the excited carriers was trapped in the OCLs without relaxing into the SQW. In addition, the intensity of the sub-peak decreased gradually after the plasma exposure, as shown by the open circles in Fig. 7(b) . Such a trend has been reproduced in six devices, as shown in Fig. 7(c) . The behavior differed slightly between the devices but the average intensity decreased within 30 min and converged thereafter. This behavior is consistent with those of Δλ, V Zeta , and ΔU in Fig. 4 . In contrast, the intensity of the main peak rather increased with time, as shown by the closed circles in Fig. 7(b) . This is attributed to the trapped carriers beginning to relax into the SQW with the decrease in the barrier height.
Let us estimate the carrier density in the OCLs and Δn sem due to the carrier effects. In Fig.  7(a) , the PL intensity ratio of the sub-peak to main-peak is 0.35 at t = 0 min. The PL intensity is proportional to the carrier density N and layer thickness h, while inversely proportional to the carrier lifetime τ. Thus, we obtain the relation N OCL h OCL /τ OCL = 0.35N SQW h SQW /τ SQW . The carrier lifetime in the SQW is dominated by the cavity mode. It has been investigated theoretically and experimentally to be 7-10 times shorter than that of nonresonant modes due to the Purcell effect in PC nanolasers [41] . Therefore, 1/τ SQW is enhanced by this factor, compared with 1/τ OCL . Using this relation with h OCL ≈180 nm and h SQW ≈4.5 nm, N OCL is estimated in the range of 0.062N-0.088N SQW . In the experiment in Fig. 7 , we employed the same pumping condition as that for the laser operation in well-fabricated devices used for Figs. 2-4. Even for the disordered non-lasing devices in Fig. 7 , N SQW is comparable to or even higher than that in the lasing devices. Considering the typical carrier density in GaInAsP quantum wells under lasing [42] , we set N SQW = 4 × 10 18 cm -3 , then obtain N OCL = 2.5 × 10 17 -3.5 × 10 17 cm −3
. Figure 7 (c) further indicates that N OCL almost converges to 60% of the initial value at t = 0 min. From [43] , which reports the index change due to the carrier-plasma, bandfilling, and bandgap-shrinkage effects for GaInAsP with E g = 1.03 eV, the N OCL is converted to Δn sem = 2.2 × 10 −3 -3.1 × 10 −3 . This well corresponds to the expected value of Δn sem for Δλ > 1 nm. For this discussion, one may suppose that N OCL , Δn sem , and Δλ are all increased by stronger pumping. However, the situation is not so simple. When N OCL is increased, more holes are pushed to the front and rear surfaces of the slab and separated from the electrons in space, which increases the internal electric field between them and cancels the U-shaped potential. This rather accelerates the relaxation of these carriers into the SQW, and compensates for the variation of Δn sem and Δλ. We observed that the change in the temporal behaviors of Δλ for the plasma exposure in Fig. 4 (b) falls into the fluctuation level when the pump power is changed widely.
So far, we only discussed the U-shaped vertical potential in Fig. 6 . We will next focus on the effect of the lateral Schottky barrier around the holes. Since the SQW is exposed at the sidewalls of the holes, the nonradiative surface recombination of excited carriers occurs and it is modulated by the height of the Schottky barrier. Thus, the laser emission intensity is modified by the adsorption of charged materials, as already reported in [33] . However, as it is a phenomenon in the SQW with the small modal confinement, its effect on Δλ should be small in any case. In addition, the lateral Schottky barrier does not work for trapping carriers in the OCLs because it shifts the energy levels of the SQW and the OCLs simultaneously and does not change the relation between them.
Conclusion
The ultra-sensitive changes in the emission wavelength of the GaInAsP PC nanolaser biosensor for detecting biomolecules can be explained by the electrochemical and optoelectronic effects rather than by the change in the environmental index. A large wavelength shift Δλ of over 1 nm appeared when the device was electrified by the plasma exposure and charged DNA was adsorbed. The wavelength varied consistently with the zeta potential reflecting the surface charge and with the flat-band potential, indicating that the Schottky barrier height in the semiconductor was increased or decreased. The observed Δλ can be explained by the carrier plasma, band-filling, and band-shrinkage effects of this semiconductor due to the photopumped carriers being partly trapped in the OCLs inside the Schottky barrier. The PC nanolaser is sensitive to the environmental index, but much more sensitive to the change of the surface charge. We consider such a phenomenon that the adsorption of a small number of charged biomolecules becomes a trigger that modifies the charged functional group covering the device. These phenomena are based on a mechanism which is different from that of the enhanced surface recombination that we reported previously for pH sensing based on the emission intensity of the same device [33] .
This conclusion may raise another question about whether the ultra-high sensitivity of Si PC cavity sensors [20, 22] , also exhibiting the same trend as that for the nanolaser in Fig. 1 , originating from a similar mechanism. Although Si cavities are passive devices, they can acquire their ion sensitivity when carriers are generated via defect-state absorption and/or two-photon absorption.
